To determine the sequence requirements and structural features of the self-cleavage domain of hepatitis delta virus (HDV) antigenomic RNA, we constructed a series of mutants and measured the rate constant of the cleavage reaction for each. The self-cleavage activity of HDV RNA of antigenomic sense was found to reside in a region of less than 90 nucleotides in length. The catalytic domain contained a long complementary sequence which could be deleted to half of its original size. Moreover, this region could be replaced by other sequences as long as they could fold into a stem-andloop structure. The catalytic domain also required a 6-basepair helix adjacent to the cleaving point for activity. The structural features of these two basepairing regions are quite similar to those of the HDV genomic self-cleavage domain. The cleavage site as well as the the hinge region (the sequence between the two stems) requires specific sequences for activity.
INTRODUCTION
Hepatitis delta virus (HDV) contains a 1.7 kb single-stranded circular RNA genome (1) (2) (3) . The HDV RNAs of both genomic and antigenomic sense have self-cleavage activity, and this catalytic property has been proposed to be involved in generating the genomic-sized RNAs when the RNAs are synthesized through a rolling-circle mechanism (4) . The self-cleavage activity of HDV RNAs requires Mg 2+ . The kinetics and the extent of the selfcleavage reaction can be enhanced in the presence of denaturants such as urea and formamide, or at high incubating temperatures (5, 6) . The sequences of the self-cleavage domains for the HDV genomic and antigenomic RNA are similar but they are distinct from other well-characterized catalytic RNAs (7, 8) . Furthermore, the HDV genomic and antigenomic self-cleaving sequences are likely to fold into a similar conformation, and both a pseudoknot-like structure and an axe-head structure have been proposed (9) (10) (11) . Nevertheless, the understanding of the structure of the HDV catalytic domains is still very limited. Recently, our laboratory has demonstrated that the HDV genomic self-cleavage domain contains a stem-and-loop structure and a 6-basepair helix which is adjacent to the cleaving point; the structures rather than the sequences of these two regions are essential for catalytic activity (12) . A similar structure has been proposed for the antigenomic sense RNA (9, 10) . However, this proposed structure has not been confirmed by rigorous mutagenesis studies.
In this report, we used mutagenesis analysis to study the sequence requirements and the structural features of the HDV antigenomic self-cleavage domain. We found that the HDV antigenomic catalytic RNA contained two basepairing regions which were similar to those of the genomic catalytic RNA. In addition, we were able to construct a minimal version of the selfcleaving HDV antigenomic RNA subfragment which is smaller than any RNA reported so far.
MATERIALS AND METHODS

Plasmid construction
A Sal I-Pst I subfragment of HDV cDNA was cloned into the Sal I and Pst I-digested T7 vector pGEM-3Zf(-) and the recombinant was named as pDA(970-654). Clone pDA(906-821) is a terminal deletion mutant of pDA(970-654) constructed by treatment of exonuclease El and mung bean nuclease as described before (13) . The primary transcript of the Hind IE-digested pDA(906-821) by T7 RNA polymerase contains nucleotides #906-821 of HDV antigenomic RNA (the nomenclature is according to Makino et al, reference 2). Mutant pDA(906-821)S was derived from construct pDA(906-821) by PCR-mediated mutagenesis, in which nucleotides 850-845 (GGACGT) were replaced by a Sac I sequence (GAGCTC) (Fig. 1) . Mutants pDA(906-821)SDl and SD2 were generated from construct pDA(906-821)S by substituting the sequence between the Sac I and Hind HI sites with synthetic complementary oligonucleotides. Mutants pDA(9O6-821)SD3 and SD4 were derived from pDA(906-821)SD2 by briefly deleting the sequence around Eco RI site, located upstream of nucleotide #906, and both Eco RI and Sac I sites, respectively, with mung bean nuclease. Mutant pDA(906-821)SD5 and mutants of the stem-and-loop region was derived from construct pDA(906-821)SD3 and pDA(906-821) SD4, respectively, by PCR-mediated mutagenesis with appropriate synthetic oligonucleotides as primers. The helix 1 mutants, cleavage site mutants and hinge mutants were constructed by PCR-mediated mutagenesis from constructs pDA(9O6-821)SD3, SD4 and SD5, respectively.
The sequence of each construct was confirmed by DNA sequencing (14) . * The full-length RNA was incubated with 12 mM Mg 2 * in the presence of 0, 1 or 2.5 M urea at 37°C for 10 min before the cleavage reaction was terminated by excess of EDTA. The extent of cleavage was determined and the value was divided by the value in the absence of urea. NC: no detectable cleavage product after at least 2 hr of incubation. CS: only small amount of RNA ( < 5 %) underwent cleavage reaction, and the reaction did not level off after 2 -3 hr of incubation.
Synthesis of RNA
The internally 32 P-labeled RNA of each construct was synthesized by T7 RNA polymerase transcription reaction of the Hind Hi-digested plasmid as described before (13) . The transcription reaction was terminated by adding an equal volume of 50 mM EDTA/7 M urea. The full-length transcript was isolated and eluted from a polyacrylamide gel containing 7 M urea and the RNA was resuspended in 10 mM Tris-HCl, pH 8.1, and 0.1 mM EDTA.
Cleavage reaction
The 32 P-labeled full-length RNA was heat denatured at 95 °C for 2 min and then cooled down to room temperature. The RNA was preincubated at 37 °C or 50°C for 5 min with 40 mM Tris- HC1, pH 8.1, and the cleavage reaction was initiated by addition of 12 mM MgCl 2 and carried out at 37°C or 50°C. Aliquots of 10 fil were removed and reactions were stopped by addition of 10 jtl of 50 mM EDTA/7 M urea at various time points. The cleavage products were separated from the full-length RNA by gel electrophoresis and the radioactivity of each RNA was quantified by Cerenkov counting. The rate constant of the cleavage reaction was determined from the slope of the plot of the log of fraction of RNA cleaved versus time.
RESULTS AND DISCUSSION
The pDA(906-821)RNA contains nucleotides #906-821 of HDV antigenomic RNA, which correspond to positions # -3 to +83 around the cleavage site, plus sequences derived from the cloning vector (Fig. 1 , the nomenclature is according to Makino et al, reference 2). The pDA(906-821) RNA contains the minimum sequence required for the self-cleavage (the self-cleavage domain) (9); the rate constant of its cleavage reaction was 0.347 min~' at 37°C and 50°C in the presence of 12 mM Mg 2+ (Table 1) . We performed extensive mutagenesis of this RNA fragment in this study.
Stem-and-loop mutants
The self-cleavage domain of HDV antigenomic RNA contains a long self-complementary sequence between nucleotides 861 -830 (Fig. 1) which has been proposed to fold into a stemand-loop structure (9 -11) . To investigate the sequence and structural requirements of this region for the self-cleavage activity, a series of internal substitution-deletion mutants with respect to the pDA(906-821) RNA (Fig. 1) were constructed. The rate constants of the cleavage reactions for these mutants are summarized in Table 1 . Mutant pDA(906-821)SDl had 10 nucleotides (846-838) deleted and nucleotides G849/A848 changed to A849/G848. This RNA retained the self-cleavage activity, suggesting that the complementary sequence between nucleotides 850-839 was not required for the catalytic activity. The effects of the vector-derived sequence were studied by using two mutants, which had deleted a non-HDV CC dinucleotide at the 3'-end [pDA906-821)SD2] or an additional non-HDV AAUU tetranucleotide at the 5'-end [pDA906-821)SD3]; both RNAs retained the self-cleavage activity. Furthermore, the noncomplementary sequence between nucleotides 854-836 could be deleted without losing the self-cleavage activity [mutant pDA(906-821)SD4]. The pDA(906-821)SD4 RNA represented the smallest HDV antigenomic ribozyme ever reported, since only 67 nucleotides of the RNA were derived from HDV.
To study the importance of the remaining self-complementary sequence, nucleotides 861-855 and 835-830 of the pDA(906-821)SD4 RNA were extensively changed (Fig. 2) . In addition, the cleavage reaction was conducted in the presence of various concentrations of urea, and the extent of cleavage was compared to that in the absence of urea ( Table 1 ). Mutants that had substitutions of either two nucleotides (mutants 861U830A, 860G831C, 859C832G, 858A833U and 856A835U) or four nucleotides (mutants A, B and C) but still retained their selfcomplementarity could still self-cleave. The rates of the cleavage reactions of most mutants were similar to that of pDA(906-821)SD4 RNA, except that the 860G831C and B RNAs cleaved more slowly; the reason is not clear. In addition, the relative extent of cleavage of these mutant RNAs and the pDA(906-821)SD4 RNA were all in the range of 80-100% with 1 M urea and 50-85% with 2.5 M urea, indicating that the stability of the stem-and-loop structure of these RNAs was similar. Thus, the sequence of the self-complementary region was not critical for the self-cleavage activity.
To understand the structural requirements of the selfcomplementary region, mutants that had disrupted basepair(s) were constructed. The disruption of the basepairing of nucleotides 856/835 alone or together with nucleotides 857/834 did not affect the stability of the hairpin loop, since mutant 856A835A and mutant D (857G/856A/855U/835A/834A) cleaved very well even in the presence of 2.5 M urea. Therefore, nucleotides 857-855 and 835-834 are involved in the formation of a loop. Mutations in the stem region had various effects. Mismatch basepair(s) in the central part of the stem had a severe effect on the self-cleavage activity since mutant 860C831C and mutant G cleaved at a substantially lower rate and mutants 859C832C and F lost their self-cleavage activity. Mutants that contained a 3-basepair stem [mutant 858A833A and mutant E (857G/856A/855C/835A/ 834A/833U)] cleaved, while the hairpin loops of these RNAs seemed to be less stable since they cleaved much poorly in the presence of urea. In contrast, mutant 861A830A, which had the bottom of the hairpin loop mismatched, retained its self-cleavage activity. Therefore, the stem of the hairpin loop needed to be at least three basepairs in length.
In summary, the self-complementary sequence of the pDA (906-821)SD4 RNA was involved in the formation of a hairpin loop which was required for the self-cleavage activity. To further confirm this, the entire self-complementary region was replaced by the superstate hairpin-loop, 5'-GGACUUCGGUCC-3' (15) (mutant H). The mutant H RNA cleaved very well which indicated that the HDV antigenomic ribozyme could accept a hairpin loop of variable sequence between nucleotides 861 -830. This structural feature of the HDV antigenomic ribozyme is very similar to that of the HDV genomic ribozyme (12). 
Helix 1 mutants
To investigate the importance of the basepairing between nucleotides 902-897 and nucleotides 871-866 [which corresponds to helix 1 ( Fig. 3) ] for the self-cleavage activity, this region of the pDA(906-821)SD3 RNA was extensively changed. A mutation that destroyed one basepair decreased the rate of cleavage dramatically (mutant 4), and a mutation that destroyed two basepairs completely abolished the self-cleavage activity (mutant 5) ( Table 2 ). In contrast, substitution mutants 1, 2 and 3, which retained the basepairing structure could cleave, although the rate of cleavage was slower than that of the pDA(906-821)SD3 RNA. These results indicated that, similar to the stem-and-loop, the basepairing structure rather than the sequence of the helix 1 region was essential for the self-cleavage activity. The cleavage reactions of mutants 1-5 were also conducted in the presence of urea (1, 2.5 or 5 M) or formamide (20%, 40% or 60%). These treatments did not enhance the rate or extent of the cleavage reactions of these mutants ( Fig. 3 and data not shown). In addition, the pDA(906-821)SD3 RNA and mutant 1, 2 and 3 RNAs cleaved faster at 50°C than at 37°C (Table 2) .
Hinge mutants
The hinge region is the sequence between helix 1 and the stemand-loop, and corresponds to nucleotides 865 -862 of the HDV antigenomic self-cleaving domain (Fig. 1) . The hinge region of the pDA(906-821)SD4 RNA was altered one nucleotide at a time and the effect on the self-cleavage activity was determined. In general, the mutation of any of the four residues resulted in reduction of the reaction rate or the complete loss of activity. Mutants 865C and 862A self-cleaved at slightly lower rates, while mutants 865G, 865A, 864C, 863A, 863U and 863C self-cleaved at a substantially lower but detectable rate when compared to the pDA(906-821)SD4 RNA ( Table 2 ). The remaining four variants, 864A, 864U, 862C and 862U, did not cleave (Table 2) . We conclude that the hinge region has stringent sequence requirements, suggesting that these four residues might be involved in the maintenance of the tertiary structure of the HDV antigenomic self-cleavage domain.
Cleavage site mutants
The cleavage reaction of the HDV antigenomic RNA generates a 5' hydroxyl and a 2', 3'-cyclic phosphate (16, and data not shown) and the cleaving point is between nucleotide 904 C (the -1 position) and nucleotide 903 G (the +1 positions). Mutagenesis of the cleavage site was carried out on pDA(906-821)SD5 RNA which had nucleotide 835C changed to 835U and a non-HDV C residue deleted in comparison to the pDA(906-821)SD3 RNA (Fig. 1) . Despite the sequence difference, the pDA(906-821)SD3 and SD5 RNAs cleaved at a similar rate (Table 1) . Both the single-and double-nucleotide substitution mutants were generated. The results showed that all of the -1 position mutants cleaved (Table 2) . Variants AG and UG cleaved as well as the wild type (CG), while variant GG cleaved considerably more slowly; this finding was consistent with that of Perrotta and Been (16) . In contrast, the +1 position variants CA and CU lost the activity (Table 2) . Therefore, the nucleotide 5' to the cleaving point could accept different sequences whereas the nucleotide 3' to the cleaving point had stringent sequence requirements. For the 7 double mutants that have been tested, variants GA, GU, GC, AU, UU and UC did not cleave to a detectable level under any of the incubation conditions tested (data not shown). Surprisingly, variant AA cleaved quite well (Table 2 ). This result indicated that the cleavage site can only accept certain sequences even though it is not clear why the C to A substitution at the -1 position and the G to A substitution at the +1 position simultaneously could compensate for the deleterious effect of the G to A substitution at the +1 position.
CONCLUSION
Our mutagenesis studies of the HDV antigenomic self-cleavage domain suggest that the self-cleavage domain of HDV antigenomic RNA contains at least two basepairing regions, i. e. a 6-basepair helix adjacent to the cleaving point (helix 1, basepairing between nucleotides 902-897 and nucleotides 871-866) and a stem-and-loop of the nucleotides 861-830 region. The importance of these basepairing regions for the selfcleavage activity has also been demonstrated by recent findings which show that the catalytic domain can be separated into a substrate subdomain and an enzyme subdomain either from the helix 1 (16) or from the stem-and-loop (11) . Both basepairing structures are stable enough to permit the assembly of the active self-cleavage domain from two separate molecules. The identified basepairing structural features of the HDV antigenomic selfcleavage domain are similar to those of the HDV genomic selfcleavage domain (12) . Mutagenesis analysis of the cleavage site and the hinge region revealed that the sequence of these two regions must be specified in order to obtain a reasonable reaction rate, suggesting that they are probably involved in the formation of a tertiary structure. The cleavage site (CG) of the HDV antigenomic catalytic domain could accept the corresponding cleavage site sequence (UG) of the genomic catalytic domain.
In addition, the sequence requirements of the hinge region of both domains are quite similar (Wu et al., unpublished result). Therefore, in addition to the sequence homology between the HDV genomic and antigenomic self-cleavage domains, they are very likely to have similar structures.
